ABSTRACT Wearable thermoelectric generator (TEG) is an attractive technology to enable self-powered electronics and sensors for healthcare and the Internet of Things through its ability to convert body heat into electricity. However, the actual inner temperature gradient in the thermoelectric legs is relatively small when a TEG is worn on the body, which leads to a low voltage and power generation. To enhance the output performance, the structural design of a wearable TEG with copper foam as the heat sink is proposed. A thermal resistance model was developed to investigate the effects of using copper foam heat sink on the heat transfer and performance of the TEG. In addition, for comparison, the inner temperature gradients and open-circuit voltages of the TEGs with and without plate-fin heat sink were analyzed. Then, these different TEGs were fabricated and tested using an experimental setup. The results showed that TEGs with heat sinks could generate greater open-circuit voltage and output power values, while the TEG with copper-foam heat sink achieved the highest power-to-weight ratio. Finally, a wearable TEG with copper-foam heat sink was connected to a step-up circuit and worn on the wrist to power a miniaturized accelerometer for body motion detection. The results demonstrated that the wearable TEG with the copper-foam heat sink design provided a potential pathway for the realization of electronics powered by harvesting the human body heat.
I. INTRODUCTION
Thermoelectric generators (TEGs) can convert waste heat into electricity based on the Seebeck effect, and becomes a promising approach for powering wearable intelligent electronics such as an electroencephalography (EEG) device [1] or miniaturized accelerometer [2] . Recently, many researchers have been attracted to the development of wearable TEG devices [3] , [4] . However, because of the limitations imposed by the small size of the structural design of a wearable TEG and weak heat transfer capability at the cold side under body wearing conditions, the actual inner temperature gradient and output voltage/power of a TEG are relatively low for body heat harvesting application [5] . Therefore, to achieve a higher output performance, there is a need to design a TEG device with a better heat transfer ability to extend the applications of self-powered wearable electronics.
Using heat sink would be an effective way to enhance the heat transfer at the cold side of a TEG [6] , and plate-fin [7] , pin-fin [8] , and plate [9] , [10] type heat sinks have been proposed. Eom et al. [7] proposed a bracelet-like modular design for a thermoelectric module (TEM), with a heat sink made of rigid inorganic bulk materials. Experimental and theoretical analyses showed that this TEM could generate 80 µW of power when the wearer was running at a slow pace. Moser et al. [8] measured the heat transfer coefficients of plate-fin and pin-fin heat sinks connected to a TEG in a wind channel. They found that the pin-fin heat sink had a higher heat transfer coefficient than the plate-fin heat sink at a low air velocity. Settaluri et al. [9] assembled copper plates with flat, grooved, and checkerboard patterns at the cold side of a TEG. They found that the checkerboard heat sink generated a higher power output of 28.5 µWcm −2 , and the thermal resistance of the TEG and heat sink could be further optimized to achieve the highest performance. Hyland et al. [10] proposed a three-layered structural design for a TEG with a copper plate heat sink. It has been found that the optimal structure of a plate heat sink is affected by the ambient air velocity. In the previously mentioned research, the proposed heat sinks were usually rigid and had relatively large base areas. Thus, they would not be suitable for wearing applications. Therefore, the structural design of a heat sink for a TEG worn on a curved skin surface had to be studied with the goal of improving the heat transfer and enhancing the performance.
In the past decade, the structural design and fabrication of a flexible heat sink for a wearable TEG has been conducted. Hwanjoo et al. [11] developed a mat-type flexible TEG and utilized a mixed hydrogel of solid-state silica gel as a heat sink for cold-side cooling. This flexible silica gel heat sink could be deformed when the TEG was bent under wearing application, and the maximum power generation reached approximately 88 µW. Kim et al. [12] designed a wearable TEG with a polymer-based flexible heat sink (PHS) composed of a superabsorbent polymer and fiber. The measured power density was greater than 13 µWcm −2 after driving the ECG sensor constantly for 22 hours. However, because of the low thermal conductivity of the polymer, the thermal resistances of flexible heat sinks are still higher than those of traditional heat sinks made of metals. In the microelectronics field, open foam metal [13] and metal foam filled with a phase change material [14] have been widely utilized for the development of heat sinks. Because of its low density and high thermal conductivity, a heat sink made of metal foam could be a preferable choice for the development of a wearable TEG and was studied in this work.
To develop a wearable TEG with a heat sink, the effects of the heat sink on the heat transfer and output performance need to be studied. Wang et al. [15] studied the performance of a TEG with a plate-fin heat sink under air cooling conditions using two-stage optimization. In stage I, an analytical model was developed and used to analyze the heat transfer of the heat sink. In stage II, a finite element model was utilized to predict the performance of the TEG. The results demonstrated that using a heat sink could reduce the conversion efficiency of the TEG and increase the output power by 88.7%. Pietrzyk et al. [16] optimized the structural parameters of a plate-fin heat sink for a wearable TEG with a bottom area of 42 cm 2 and height of 1 mm. They found that the platefin height was the key parameter and could significantly reduce the thermal resistance of the heat sink and improve the output performance of the TEG. Lossec et al. [17] developed a numerical model to analyze the performance of a wearable TEG with a needle-shaped heat sink. They found that more power could be generated by increasing the height of the heat sink. We developed an analytical model to investigate the effects of a copper-foam heat sink on the heat transfer and output performance of a wearable TEG, which was one goal of this research.
In this study, we developed a novel structural design for a wearable TEG with a copper-foam heat sink for powering electronics by harvesting body heat. Then, a thermal resistance model was developed to evaluate the heat transfer and output performance of the TEG with the copper-foam heat sink. TEGs with different heat sinks were analyzed, and the effects of the copper-foam heat sink were studied using the developed model. This was followed by the fabrication and characterization of the TEGs with copper-foam heat sinks. Finally, experiments were conducted where the TEG with the copper-foam heat sink was worn on a human subject's wrist to power a miniaturized accelerometer.
II. WEARABLE TEG WITH COPPER FOAM HEAT SINK
A schematic representation of the wearable TEG with the copper-foam heat sink is shown in Fig. 1(a) . The TEG can be worn on a human wrist to power electronics and devices by harvesting body heat. The wrist skin can be regarded as the VOLUME 6, 2018 heat source of the TEG, and the heat dissipated from the body and transferred through the TEG can generate an open-circuit voltage based on the Seebeck effect. Fig. 1(b) shows the structural design of the TEG that uses copper foam as a heat sink. A total of 52 pairs of cuboidshaped P-type and N-type thermoelectric legs are arranged into 4 columns and 13 rows, which are connected electrically in series and thermally in parallel. The thermoelectric legs are soldered to the cold-side copper strips and hot-side flexible printed circuit board (FPCB), respectively. The soft PDMS encapsulation can protect the thermoelectric legs from mechanical damage, and concentrate the heat transferring through the region of the thermoelectric legs [3] , which assists in obtaining a higher output power and efficiency. The long strips of copper-foam heat sink are connected to the cold side of each row of thermoelectric pairs by an insulating thermal conductive layer (TIL). As shown in Fig. 1(c) , the P-type and N-type thermoelectric legs in one pair have the same width (W l ) and height (H l ), and the distance between adjacent pairs is L. The heights of the copper strips and heat sinks are H c and H s , respectively. The thicknesses of the TIL and FPCB are relatively small and can be ignored.
III. THERMAL RESISTANCE MODELLING
For the proposed wearable TEG, the thermal resistances of the TIL and FPCB can be ignored because of their small thicknesses and high thermal conductivities [18] . Thus, the contact thermal resistance at the interface layers of the hot and cold sides can be assumed to be zero for simplicity. When the TEG is worn on the wrist, the cold side is exposed to ambient air with a temperature of T air . The wrist skin has a temperature of T h , and can be regarded as the hot side. Thus, the temperature difference between the hot and cold sides of the TEG is calculated as T = T h − T air . Fig. 2 shows the thermal resistance network of the TEG with the copper-foam heat sink. The inner temperature gradient ( T in ) in the thermoelectric legs can be expressed as follows
(1) where R g and R sink are the thermal resistances of the TEG and heat sink, respectively. Because the thin layers of copper strips and solder have much great thermal conductivities [2] , the thermal resistances in these regions can also be neglected. Thus, R g only consists of the thermal resistance of the thermoelectric legs (R l ) and PDMS encapsulation (R e ), and R g can be calculated [4] 
where N l is the number of thermoelectric pairs; A e and k e are the area and thermal conductivity of the PDMS encapsulation, respectively; A l is the area of the thermoelectric pairs; and k P and k N are the thermal conductivities of P-type and N-type thermoelectric materials, respectively. In this study, the dimensions of the cuboid-shaped thermoelectric legs were set as W l = 1.5 mm and H l = of2.0 mm, and the distance between thermoelectric legs (L) was 1.5 mm. For P-type and N-type thermoelectric legs, Bi 0.5 Sb 1.5 Te 3 and Bi 2 Se 0.5 Te 2.5 thermoelectric powder materials were selected because of their relatively higher figures of merit (ZT) at room temperature [18] . The thermal conductivities of the P-type and N-type thermoelectric legs were measured and fitted using a second-order fitting method [3] as follows:
where T is the absolute temperature (K). The thermal conductivities of copper and PDMS are 400 Wm −1 K −1 [3] and 0.27 Wm −1 K −1 [19] , respectively. Thus, as T varied from 5 K to 45 K, the calculated R g remained almost constant, with a value of 3.6 KW −1 , based on Eq. (2). Some models have been developed for a block-shaped copper-foam heat sink to study the heat transfer coefficient and thermal resistance [20] , [21] , whereas the effects of a copper-foam heat sink strip array have not been studied. Further, because of the complex porous microstructure of copper foam, the thermal resistance of a copper-foam heat sink strip array is difficult to precisely calculate. Feng et al. [22] Table 1 . The copper foam utilized for the wearable TEG has a porosity of 91% and pore density (PPI) of 5. Under a natural convection condition, the height of the copper foam showed more significant effects than that of the PPI on the heat transfer coefficient [23] .
In this study, for the designed wearable TEG, the utilized copper-foam heat sink had a height of 4.0 mm, fixed porosity of 91%, and PPI of 30. The heat transfer coefficients of copper-foam samples with different heights under natural convection could be obtained using second-order fitting. The thermal resistance of the copper foam used as the heat sink (R sink1 ) can be calculated as
where A g is the area of the cold-side of the wearable TEG. For comparison, the heat transfer coefficient and thermal resistance of TEGs without a heat sink and with a plate-fin heat sink were also calculated. For the TEG without a heat sink, by setting the height of the copper foam to zero, the heat transfer coefficient (h 2 ) and thermal resistance (R sink2 ) at the cold side could be calculated using Eq. (4). For the TEG with the plate-fin heat sink, the thermal resistance (R sink3 ) could be calculated as [16] R sink = R sink3 = N sink h 3 pk sink A fin tanh (mH s ) −1 /13 (5) where N sink is the number of plate fins, k sink is the thermal conductivity of the heat sink (copper), A fin is the crosssectional area of the fin, and p is the perimeter of the plate fin. The coefficient m is found as follows: m = h 3 p/k sink A fin [16] . h 3 the heat transfer coefficient of the fin surface of plate-fin heat sink, which can be defined as [16] 
where D is the gap width of the heat sink, k air is the thermal conductivity of the air, and Nu D is the Nusselt number.
Therefore, the open-circuit voltage (V OC ) generated by the wearable TEG can be calculated as
where α P and α N are the Seebeck coefficients of the P-type and N-type thermoelectric materials, respectively. Previously, we measured and fitted α P and α N as [3]
The calculated heat transfer coefficients and thermal resistances of the three different TEG devices (the TEG without a heat sink, TEG with a copper-foam heat sink, and TEG with a plate-fin heat sink) are listed in Table 2 . It can be seen that the thermal resistance of the cold-side without a heat sink is much greater than the plate-fin and copper-foam heat sinks. Besides, the thermal resistance of the plate-fin heat sinks is even lower than the copper-foam ones. Therefore, the TEG with the plate-fin heat sink would have a relatively higher heat transfer coefficient. In addition, the heat transfer coefficient increased with an increase in T . Thus, a greater heat flow at the cold side of the TEG will benefit the heat dissipation, and in turn reduce the thermal resistance of the heat sink. Based on the calculated results listed in Table 2 , the inner temperature gradient ( T in ) of the TEG could be calculated using Eq. (1). As shown in Fig. 3(a) , T in increased with T . The values of T in for the TEGs with the plate-fin and copper-foam heat sinks were generally greater than that of the TEG without a heat sink. For example, when T = 5 K, the T in values of the TEGs without the heat sink, and with the copper-foam and plate-fin heat sinks, were 0.033, 0.066, and 0.11 K, respectively. When T increased to 45 K, the T in values of these three TEGs improved to 1.56, 2.29, and 2.33 K, respectively. In Fig. 3(a) , we can see that T in is far smaller than T because the thermal resistance of the TEG in the thermoelectric legs region is lower than that of the heat sink [3] . Thus, we can conclude that most of the heat flowing from the hot side to the ambient air is concentrated at the cold side of the TEG. Therefore, increasing the thermal resistance of the TEG and decreasing the thermal resistance of the heat sink could be effective ways to enhance the T in .
The open-circuit voltages (V OC ) of the different TEGs could be calculated using Eq. (7), and are shown in Fig. 3(b) . The calculated V OC increases with T , and the TEGs with heat sinks also have higher V OC values than the TEG without a heat sink. For instance, when T = 5 K, the V OC values generated by the TEGs without a heat sink, and with the copper-foam and plate-fin heat sinks, are approximately 0.7, 1.4, and 2.4 mV, respectively. At T = 45 K, the V OC values for these three types of TEGs increase to 35.3, 51.8, and 52.9 mV, respectively. Thus, the performance of the TEG could be enhanced by using the heat sink structural design. Copper foam has high flexibility and a large thermal conductivity. Thus, it could potentially be utilized as a material for the fabrication of heat sinks for wearable TEGs.
IV. EXPERIMENTAL CHARACTERIZATION A. EXPERIMENT SETUP
To validate the developed model and study the effects of a heat sink on the output performance of a wearable TEG, a TEG without a heat sink was fabricated, as shown in Fig. 4(a) . The detailed fabrication process and methods were presented in a previous paper [2] . Then, the copper-foam and plate-fin heat sinks were mounted on the top surface of the cold side of the device through a 0.1 mm-thick TIL, as shown in Fig. 4(b) and 4(c) , respectively. The overall dimensions of the TEG without a heat sink are approximately 43.5 × 26.5 × 2.6 mm 3 , and the measured thicknesses of both the copper-foam and plate-fin heat sinks were approximately 4.0 mm.
The performances of the fabricated TEGs were characterized experimentally, as shown in Fig. 5 . The TEG was placed on a heating platform, and the cold side was exposed to ambient air. The hot-side temperature (T h ) was measured using a K-type surface thermocouple (SA1XL-K, Omega Inc.) and recorded by a temperature display device. During the experiments, the room temperature (T air ) was set at 20 Fig. 6(a) shows the measured V OC values for the wearable TEGs with the copper-foam and plate-fin heat sinks, and without a heat sink, respectively. We can see that the V OC increases almost linearly as T increases. For instance, as T changes from 5 K to 45 K, the measured V OC of the TEG without a heat sink increases from 3.0 mV to 38.0 mV. In addition, the TEGs with the copper-foam and plate-fin heat sinks have greater V OC values. Typically, when T = 25 K, the TEGs with the copper-foam and plate-fin heat sinks can generate 25% and 34% higher V OC values than the TEG without a heat sink, respectively. Thus, a TEG with a heat sink structural design can produce a much higher output voltage.
B. EXPERIMENTAL RESULTS
Compared to the model prediction (Fig. 4(b) ), the measured values of V OC are a little lower than the calculated V OC values as the contact thermal and electrical resistance [3] , especially at the interface between thermoelectric legs and PDMS encapsulation, while the discrepancies between the measured and calculated values are relatively low. Fig. 6(b) shows the measured internal resistances (R) of the TEGs with different heat sinks when the loading resistance R L was set at 2 . We can see that the measured internal resistance (R) was at the same level, with a value of 2.0 for the fabricated wearable TEGs. As the electrical resistance of all thermoelectric legs is about 1.1 based on the material properties measured in our previous work [3] , the excess of inner electrical resistance (∼0.9 ) is mainly the contact electrical resistance between thermoelectric legs and electrodes, which is approximate to that of thermoelectric legs in the fabricated device [24] .
The output power (P) of a wearable TEG is crucial for supplying power to electronics and sensors. Fig. 7(a) shows the generated P when T increases from 5 K to 45 K for the TEGs with different heat sinks. For the TEG without a heat sink, P increases from 1.0 µW to 176.1 µW when T varies from 5 K to 45 K. Meanwhile, for the TEGs with the copper-foam and plate-fin heat sinks, the generated P values are much higher than that of the TEG without the heat sink. Typically, when T = 45 K, the generated P for the TEGs with the plate-fin and copper-foam heat sinks are approximately 299.6 µW and 276.3 µW, respectively. Thus, using the plate-fin and copper-foam heat sinks could enhance the power generation of the developed TEG by 70.1% and 56.9%, respectively. This was because the voltages generated by the TEGs with the heat sinks were much greater, while the inner resistances remained constant, at almost the same level.
For comfortable wearing applications, the weight of the designed TEG device needs to be minimized. We defined a power-to-weight ratio parameter to compare the performances of wearable TEGs. First, the weights of three TEGs with different heat sinks were measured using an electronic balance. The weight of the TEG without a heat sink was 7.1 g. The measured weights of the TEGs with the copper-foam and plate-fin heat sinks were approximately 9.0 g and 21.7 g, respectively. Typically, the TEG with the plate-fin heat sink had the highest weight, with a value that was 3.06 times greater than that of the TEG without a heat sink. Then, using the measured values of P in Fig. 7(a) , the power-toweight ratio values were calculated and plotted as shown VOLUME 6, 2018 in Fig. 7(b) . The power-to-weight ratio values of these three TEGs increased with T . Typically, the TEG with the copper-foam heat sink had the highest power-to-weight ratio values. When T increased from 5 K to 45 K, the powerto-weight ratio of the TEG with the copper-foam heat sink increased from 0.33 µWg −1 to 30.73 µWg −1 . Therefore, the designed wearable TEG using copper foam as the heat sink could generate greater power and had less effect on the weight, which will make it more suitable for body wearing applications.
V. WRIST WEARING EXPERIMENTS
To demonstrate the capabilities of the wearable TEG for powering electronics, a three-axis miniaturized accelerometer (ADXL362, Analog Devices Inc.) was selected as the operating device. The measurement ranges of this accelerometer on three axes are ±2 G (G = 9.8ms −2 ), ±4 G, and ±8 G. The resolution is approximately 1 mG/LSB (least significant bits) in the ±2 G range. This accelerometer can be attached to the wrist and used to detect three-axis accelerations during wrist movements. The required operating voltage and power consumption for this accelerometer are quite low, with minimal values of 1.6 V and 2.4 µW, respectively [25] . We designed a DC to DC step-up circuit to boost the generated voltage (millivolt level) to a higher output voltage (volt level). In this study, a LTC3108 chip from Linear Technology was utilized as the step-up chip [26] . As shown in Fig. 8(a) , the wearable TEG was worn on the wrist, connected to the FPC connector, and used to drive the miniaturized three-axis accelerometer. Because the required minimal voltage to operate the LTC3108 chip is 20 mV, the room temperature was set to 12 • C to increase the temperature difference ( T = 18 K) between the hot and cold sides of the TEG. During the experiment, the wrist was turned up and down, and the induced accelerations were measured by an Arduino UNO controller. The results are shown in Fig. 8(b) . The initial static accelerations on three axes were A x = 0 G, initial state to let the palm face upwards, the accelerations changed to A x = 0 G, A y = 1 G and A z = 0 G. Then, after turning the wrist to make the palm face downward, the measured three-axis accelerations were A x = 0 G, A y = 0.1 G, A z = −1 G. After that, the wrist was returned to its initial state, and the measured accelerations changed back to their initial values. The V OC generated during this wrist turning motion is shown in Fig. 8(c) . We can see that the TEG could generate approximately 22.0 mV, which is larger than that of the minimal input voltage (∼20 mV) required to drive the LTC3108 chip. Therefore, the developed wearable TEG could be used to power the accelerometer for body motion detection by harvesting body heat.
To measure dynamic accelerations, the wearer moved under different conditions like walking, running, and jumping. The induced three-axis accelerations were measured and are shown in Fig. 9 . During the walking condition, the wearer swung their arm at a velocity of approximately 0.5 m/s. The measured three-axis accelerations periodically changed, as shown in Fig. 9(a) . The average accelerations measured on the three axes were approximately A x = −0.4 G, A y = −1.2 G, and A z = −0.2 G, and changed from their initial values of A x = 0 G, A y = −1 G, and A z = 0 G, respectively. Fig. 9(b) shows the voltage generated by the TEG under walking movement. As seen, the voltage increased from 21 mV to 25 mV after 5 s. Compared to the static state, walking movement with the arm swinging increased the convection heat transfer coefficient at the cold side of the TEG [27] . Fig. 9(c) shows the three-axis accelerations when the wearer ran with their arm swinging at a speed of 1 m/s. The amplitudes of the measured accelerations were greater than those of the walking condition. The average values of the three-axis accelerations were A x = −0.2 G, A y = −1.3 G, and A z = −0.6 G. As shown in Fig. 9(d) , the voltage generated by the TEG increased from 21 mV (at the beginning) to 32 mV after 7 s of running motion. This value is also higher than that of walking (25 mV) as a result of the faster arm swinging in the running movement. This also increased the convection heat transfer coefficient at the cold side of the TEG, which in turn increased the generated voltage [28] .
The measured accelerations and voltages generated under jumping movement are shown in Figs. 9(e)-(f) . The wearer jumps up and down vertically with arm swinging at a speed of 2.5 m/s, which is larger than that under walking and running Because of the impacts that occurred during three jumps, the measured dynamic accelerations were even greater, with maximum accelerations on the three axes of A x = 1.3 G, A y = −2.6 G, and A z = 1.2 G. During the jumping intervals (landing), the measured three-axis accelerations had almost the same values of A x = −0.2 G, A y = 1.1 G, and A z = 0.2 G, as shown in Fig. 9(e) . The output voltage of the TEG during the three jumps varied from 21 mV to 24 mV.
Generally, during the walking, running, and jumping movements, the developed wearable TEG with the copper-foam heat sink could harvest body heat to power the accelerometer for body movement detection. The generated voltages were all larger than the minimal input voltage (∼20 mV) required to drive the circuit to power the accelerometer. Therefore, the developed wearable TEG could be utilized as a constant power supply of miniaturized electronics and sensors for health motoring and detection.
VI. CONCLUSION
This paper presented a novel wearable TEG with copper foam as a heat sink to power the electronics needed for body motion detection. A thermal resistance model was developed to investigate the effects of different heat sinks on the inner temperature gradient and output voltage generation. The performances of TEGs without a heat sink, and with copper-foam and plate-fin heat sinks, were predicted and validated by experimental characterization. The copper-foam heat sink design could reduce the thermal resistance at the cold side, which increased the temperature difference and output voltage generation. Furthermore, the TEG with the copper-foam heat sink had the highest power-to-weight ratio, with a value of 30.73 µWg −1 at T = 45 K. Thus, it would be suitable for body wearing and heat harvesting applications. Body wearing experiments demonstrated that a miniaturized accelerometer could successfully be powered by the wearable TEG for static and dynamic three-axis acceleration measurements under different movement conditions. The results obtained in this research open up opportunities for specific body motion detection applications based on the harvesting of body heat and using the proper design for a wearable TEG. The parameters' effect of copper-foam heat sink on the heat transfer coefficient will be further investigated by experiments, and more applications of this wearable TEG with copper-foam will be conducted in future work
